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flect3-on w i l l  oczuc be fo re  t h e  i n ~ l c d i n g  shock reaches t h e  s e 2 t r e  d l ~ e  to c-?CUP- 
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1, IPJTRODUCTION 
I n  t h e  a n a l y t i c  s tudy  of t h e  performance of t h e  UTIAS i m p l o s i c n - d r l v e ~  
hy-pervelocity launcher [l and 41, t h e  assumption of s p h e r i c a l  symmetry and t h e  
a r t i f i c i a l  v i s c o s i t y  techniques have been succes s fu l  i n  s tudying t h e  overalL mi-- 
p los ion  phase. However, t h e  assumptions a r e  suspec t  when t h e  c o l l a p s e  radius 
i s  reduced t o  a few mean f r e e  p a t h s ,  such a s  would i d e a l l y  occur i f  t h e  i s ~ y ~ o a i n g  
shock wave was a b s o l u t e l y  symmetrical.  The a r t i f i c i a l  v i s c o s i t y  t e c h n i q l ~ e  p-o- 
duces shock s t r u c t u r e  by in t roducing  an a r t i f i c i a l  p re s su re  g rad ien t  whic 1:as 
t h e  e f f e c t  of g iv ing  t h e  shock th i ckness  even i n  i n v i s c i d  flow. Towards t r e  cev i  e 
t h i s  t h i ckness  i nc reases  t o  u n r e a l i s t i c a l l y  l a r g e  va lues  when an imploding shcch 
i s  r e f l e c t i n g .  Fu r the r ,  t h e  d i f f i c u l t y  a r i s e s  i n  ob ta in ing  a realis1,Ec eqvaiioil 
of s t a t e  a t  t h e  extreme d e n s i t i e s  expected a t  t h e  cen t r e .  It was thus  cons:dered 
t h a t  a s o l u t i o n  on a molecular l e v e l  may provide  a b e t t e r  i n s i g h t  i n t o  the p h ~ ~ ~ c v  
processes  involved. 
As t h e  s o l u t i o n  of unsteady problems us ing  t h e  Boltzmann equat ion a r e  
r e l a t i v e l y  complex, Chu[5], t h e  p re sen t  s tudy  was undertaken us ing  Monte-Czrlo 
techniques.  These methods have t h e  l i m i t a t i o n  g e n e r a l l y  of on ly  allowfvig a s tuoy  
of smal l  reg ions  of flow, but  i n  t h e  p re sen t  case  t h i s  r e s t r i c t i o n  was nc ?rery 
important ,  The r e l a t e d  problems of t h e  c o l l i s i o n  of two p l ana r  shock waves acd 
t h e  r e f l e c t i o n  of a p l ana r  shock wave from a cold  w a l l  were f i r s t  so'ived ,6], TC 
was found t h a t  t h e  r e s u l t s  agreed wi th  r e s u l t s  from continuum theo ry ,  T1:e assun- 
p t i o n s  of hard sphere moLecules and b ina ry  c o l l i s i o n s  were made i n  t h e s e  siud:es, 
The e f f e c t s  of t h e  co ld  w a l l  upon a hemispherical  implosion were s t d d ~ e d  
us ing  t h e  technique developed by B i rd  [ T I .  I n  t h i s  a n a l y s i s  t h e  a s s u m p l i ~ r s  of 
hard-sphere molecules and b ina ry  c o l l i s i o n s  were made. The shock was gennrated 
by a s p e c u l a r l y  r e f l e c t i n g  p i s t o n  and t h e  w a l l  was considered t o  be d i f f u s e  r e -  
f l e c t i v e .  As t h e  b i n a r y  c o l l i s i o n  assumption probably breaks down near  t lLe  cen-5- e 
a hemisphere of r a d i u s  of s i x  mean f r e e  pa ths ,  i n  t h e  undisturbed gas ,  v!as a s s m e d  
t o  s w r o m d  t h e  cen t r e .  The hemisphere was considered t o  be speculai-ly r e f  Lec- 
t i v e ,  I n  order  t o  i n v e s t i g a t e  t h e  e f f e c t  of t h e  d i f f u s e  r e f l e c t i v e  w a l l  ,he 
c a l c u l a t i o n  was r epea t ed  assuming t h a t  t h e  w a l l  was s p e c u l a r l y  r e f l e c t i v e ,  'i'nese 
c a l c u l a t i o n s  a r e  c o q a r e d .  
The r e s t r i c t i o n s  imposed upon t h e  flow by multi-body c o l l i s i a ~ s  %'eye 
examined by a modified molecular dynamics t ype  technique.  Now t h e  usua l  shoe? 
wave r e l a t i o n s  using p e r f e c t  gas  approximations can be  used s a f e l y  f o r  di-ute 
gases  i n  t h e  number d e n s i t y  range 1016 - 1018 p a r t i c l e s / m l  and t h e  pi-essul e 
range 1 atm, As poin ted  out  by Devanathan and Bhatnagar [8] t h e  fa-icwrrig 
assumptions a r e  made i n  t h e  c l a s s i c a l  t h e o r i e s  "(i) t h e  s t a t i s t i c s  o €  the ~<sseml2, I 
i s  adequate ly  r ep re sen ted  by t h e  s i n g l e  p a r t i c l e  d i s t r i b u t i o n  f u n c t i o n  sc ihai,  
t h e  p a r t i c l e s  can move f r e e l y  except  f o r  occass iona l  encounters  wi th  other p a r t r -  
cLes ( i i )  t h e  i n t e r a c t i o n  between t h e  p a r t i c l e s  i s  pu re ly  b ina ry  and T % K e s  -&,;ace 
i n  a pe r iod  of t ime much l e s s  t h a n b t h e  du ra t ion  of t h e  mean f l i g h t  tixe', It 
i s  a l s o  suggested t h a t  above 10 atmospheres marked d i sc repenc ie s  between dneory 
an?. experiment occur.  
I n  t h e  p re sen t  t rea tment  a numerical s tudy  f i r s t  i s  made of t-ie gen; 
e r a t i o n  of a p l ana r  shock wave i n  argon of i n i t i a l  number d e n s i t i e s  0.73 x ;Of-- 
and 0.25 x 1022, by a t ungs t en  p i s t o n .  The p i s t o n  i s  dr iven  i n t o  t h e  gaq aL 
'13 a - m e -  such a speed t h a t  a shock wave of Mach number 10 would be  developed :
f i e d  gas .  This  was performed f o r  bo th  i n i t i a l  number d e n s i t i e s  and t n e  r e s u l i s  
presented ,  S i m i l a r l y  a p i s t o n  v e l o c i t y  was chosen t o  develop a Mach n ~ x b e r  20 
s??~~cl.i and ;he experiment performed i n  t h e  mediulx wi th  the  higher  i n i t i a l  number den- 
y The r e f l e c t i o a  of t h e  imploding s p h e r i c a l  shock wave i s  t hen  s imulated by 
a r ~ h e r i c a l  p i s t o n  imploding i n t o  a gas of i n i t i a l  number d e n s i t y  0.25 x  lo2*, 
2, EXPERIL~'IEBELKL TECHNIQUES 
-. .- 
2 3 i r d  i ~ I o ~ ~ t e - C a r l o  Technique 
! r , h c ~ g h  Bi rd  [ 7 ]  has descr ibed  h i s  tech ique  a  number of t imes  i t  appears 
3 tliwk;Le t o  g ive  a  b r i e f  account from a d i f f e r e n t  viewpoint .  Also t h e  p re sen t  
1 hcr  c o n s ~ c l e r s  t h a t  a modi f ica t ion  t o  t h e  t ime advance parameter i s  necessary  
tc r r c d ~ c e  a l o g i c a l l y  c o r r e c t  technique.  The e f f e c t  upon t h e  o v e r a l l  r e s u l t  w i l l  
~ i ' \ b d b l . > r  b e  z,nall except f o r  some s p e c i a l  problems. 
2 An -.---.-- ALtercat ive --- View of t h e  Bi rd  Monte-Carlo Technique 
\,~.~rider t h e  gasdynamic system under s tudy  t o  be made up of a  s e r i e s  of 
2 3 1  i. cT: i i ~ r  LJ smal l s  bu t  neve r the l e s s  macroscopic subsystems. These macroscopic " - 
k; >? "cenave a p p o x i m a t e l y  l i k e  c losed  systems over not  t o o  g r e a t  per iods  of 
- L - 16. 1 2  i a ~ t ~  t h e  p a r t i c l e s  which t a k e  p a r t  i n  t h e  i n t e r a c t i o n  of a subsystem 
I V A  h ~ e F g h o o a r i ~ ? g  p a r t s  of t h e  system, a r e  mainly t h o s e  near  i t s  su r f ace .  Their  
c ~ i ' c e r  1: c o q a r i s o n  wi th  t h e  t o t a l  number of p a r t i c l e s  i n  t h e  subsystem qu ick ly  
f :_i a with an inc rease  i n  s i z e  of t h e  l a t t e r "  [g]. Now gene ra t e  a number of p a r t i -  
cL=s ~71t2 rslldorn v e l b c i t y  components t o  r e p r e s e n t  t h e  i n t e r a c t i n g  o r  in format ion  
i ; ; lce,_"e~s~~zg p a r t i c l e s .  These a r e  ass igned  t o  va r ious  p a r t s  of t h e  system i n  a  
Y . & L I ~ J ? ~  fask',on. Consider each p a r t i c l e  t o  have two r o l e s ,  one a s  a t y p i c a l  sub- 
r y - t e ~ i  p a ~ t i c l e  and t h e  o ther  a s  an  information t r a n s f e r r i n g  p a r t i c l e .  Only t h e s e  
of all t r e  ~ ~ r t i c l e s  i n  t h e  system can t r a n s f e r  information.  The remainder c o l l i d e  
b e  ,IVC?TI ~ h e r r ~ e l v e s  and t a k e  up t y p i c a l  average subsystem condi t ions  d i c t a t e d  by 
ihe i ~ 3 o r ~ ~ ~ a c 1 c n  p a r t i c l e s  being s tud ied .  As t h e  time considered i s  s h o r t ,  p a r t i -  
cLes zan s:?~;T t r a n s f e r  in format ion  from one subsystem t o  t h e  nekt  and u s u a l l y  t h e  
F;" 'cizle;  ~3 I ori1.y come from t h e  r ight-hand h a l f  of one zone and t h e  l e f t -hand  
r:c!e c j f  t h e  next,  I n  f a c t  by choosing t h e  t ime under cons ide ra t ion ,  ATrn, such 
t h 7 +  %he f a s z e s t  p a t i c l e  i n  t h e  zone w i l l  no t  t r a v e l  more than  0 . 4 - 0 ~ 5  of a 
L J E  ~;dth :n &T,, t h i s  can be assured ,  
'ihlle "L t h e i r  r o l e  of t r a n s f e r r i n g  information,  a l l  t h e  p a r t i c l e s  from 
e l cb  '.& r Q? a subsystem may be considered t o  be a t  t h e  boundary s o  t h a t  any 
r , - t icLe r,y c o l l i d e  wi th  any o the r  p a r t i c l e .  Fu r the r ,  each subsystem i s  con- 
,- ieveci + c  be s t a t i s t i c a . 1 1 ~  independent of t h e  next  dur ing  time ATmo Consider t h e  
ir st zerle ini,erfe.ce and s e l e c t  a p a i r  of molecules a t  random, These a r e  r e t a i n e d  
cr redecked  p r o p o r t i o n a l l y  t o  t h e i r  r e l a t i v e  v e l o c i t y ,  Having chosen a p a i r ,  
-clifs:co t reetor  can be  chosen a t  random a s  t h e  c o l l i d i n g  p a i r  a r e  assumed t o  be 
f e ~ ; 7 !  aL;r ;J-?K; of t h e  f i e l d .  The number of such c o l l i s i o n s  which can occur i n  
t i _ ~ e  AT, ;rl a $5 ven zone i s  c a l c u l a t e d  upon t h e  probable t ime f o r  each c o l l i s i o n  
cbgser-, The ;iicir-exental t ime ATi f o r  a given c o l l i s i o n  can reasonably  be chosen 
t .~: be xn7uprrseiy p ~ o p o r t i o n a l  t o  t h e  r e l a t i v e  v e l o c i t y  of t h e  p a i r ,  V R ~ ,  t h e  
-2 _lf s i a n  c ~ s s ~  - e c t i o n ,  A, t h e  number of c o l l i d i n g  p a i r s  of inforlnat ion p a r t i c l e s ,  
I' 2 -', and The Local n - h e r  dens i ty ,  N, Therefore 
C 
a f t e r  k  c o l l i s i o n s ,  t h a t  i s  i nve r se ly  p ropor t iona i  t o  t h e  swept vol~une ar;d nlabe: 
of p a r t i c l e s .  
Af t e r  t h i s  process  has  been repea ted  f o r  each subsystem i n t e r f a c e ,  cI:e 
p a r t i c l e s  a r e  allowed t o  t a k e  up t h e i r  new p o s i t i o n s  and t h e  cyc le  xepea-,ed, 
2 -12  Modified Time Advance Parameter 
There a r i s e  two problems wi th  Eq .  a .  Suppose PCm = 2.0 and r n  one s - ~ b - -  
system AT = 1 . 3  and AT2 = 1.1. If we only t a k e  ATm = AT1 a  d e f i c i t  of 0 - I  ir, 1 
time e x i s t s ,  i f  ATm = AT + AT an excess of  0 .4  i n  t ime i s  a l lowed,  One poss lb -@ 1 2 
s o l u t i o n  i s  t o  cons ider  t h a t  k  must always b e  l a r g e r  t han  5 ,  say ,  t o  keep the  
e r r o r  r e l a t i v e l y  sma l l .  The second problem then  a r l s e s  where l a r g e  dens i ty  anc 
temperature g r a d i e n t s  e x i s t  i n  only p a r t  o f  t h e  flow, such a s  through a shozk 
wave, The va lue  o f  a  t y p i c a l  AT may b e  50 t imes smal le r  behind a  str~ng shock k 
than  i n  f r o n t  so  t h a t  t o  ensure t h a t  k  = 5 i n  t h e  pre-shock reg lon ,  t h e  post-sk.o,k 
k  = 250. Thus dur ing  AT on t h e  average, every p a r t i c l e  i n  each dot\mstream 
l.?l , 
subsystem w i l l  have c o l l l d e d  a t  l e a s t  once. This i s  u n r e a l i s t i c  and ~c~~ii:rziver,es 
r e s t r i c t i o n s  upon s t a t i s t i c a l  independence. A l t e r n a t i v e l y  t h e  subsystem may 
be kept  l a r g e  i n  width which w i l l  i nc rease  t h e  number of  p a r t i c l e s  i n  pre-siicck 
zones and hence decrease AT. t h e r e .  Agaln, t o  maintain independence, Large 
1 
grad ien t s  of  p ~ o p e r t i e s  cannot be permi t ted  i n  a  c lo sed  subsystem, To keep 
g rad ien t s  smal l  t h e  zone width must be f a i r l y  narrow wi th  r e spec t  t o  -the mean 
f r e e  p a t h .  
The s o l u t i o n  proposed he re  i s  t o  c a l c u l a t e  t h e  p robab i l i t y  o f  any 
c o l l i s i o n  occurr ing  dur ing  a t ime 6 t ,  An e s t ima te  of  t h e  average c a ~ s r s r o n  
time AT f o r  a  given subsystem i s  formed from Eq.a by s u b s t i t u t i n g  twice  t h e  A 
average abso lu t e  va lue  of  t h e  p e c u l i a r  v e l o c i t i e s  o f  t h e  subsystem, fo r  V R; 
A m u l t i p l i c a t i o n  f a c t o r  of  two was chosen r a t h e r  t han  t h e  equ i l l bn l~un  va lue  
of  J 2  a f t e r  running t h e  program a number of  t lmes and examining t h e  average 
c o l l i s i o n a l  v e l o c i t y  through t h e  shock. The average p r o b a b i l i t y  of  a C S - L i -  
s i o n  i s  taken t o  be 6 t J ~  Thus when a  s t a g e  i s  reached when t h e  n th  Glrne S Z ~ E  
@Tk would make A'  
k 
T-" 




t h e  c o l l i s i o n  w a s  assumed t o  occur and T w a s  taken t o  have e lapsed  exacsiy 
I f  m k - l  
T--' 
t h e  c o l l i s i o n  was r e j e c t e d  and aga in  AT was assumed t o  have elapsed Thrs 
s e t t l e s  t h e  f i r s t  problem r a i s e d .  It ayso provides  a  s o l u t i o n  t o  t h e  s e c s r d ,  
I f  t h e  t ime AT i s  a d j u s t e d  f o r  t h e  dense r eg ions ,  t h e  r a r e f i e d  upstream regl3r.b 
m 
w i l l  a l l  have AT.>=--AT s o  t h e  above s e l e c t i o n  p r i n c l p i e  can b e  invoked, It 
1 m 
should be  p a r t i c u l a r l y  important i n  de f in ing  t h e  f r o n t  f o o t  3f t h e  sbsck as snall 
F,:G:S I "'1 ci h e i e  may be transmitted downstream. I n  a prabiem wi-ch moving boun- 
d, : les s ~ , n  as shock genera t ion  by a maving p i s t o n ,  t he  p ls torL ~ n l y  t ransml  t s  
,rf r m . t . ~ n  a'k3:~~t i t s  motion while  t h e  p a r t i c l e s  a r e  moving, Thus t h e  sequence 
. ,rs-sts 3 ;  cin lnput  of  information from t h e  p i s t o n  and t h i s  1 s  then  t r ansmi t t ed  
* .. _be : ~ ; * t s  cf t h e  system fop  a smal1 t ime B be fo re  f a r t h e r  input  1 s  gen- 
m 
% c*f,2J 
z r M - . L ~ ~ - i l ~ r  Qinitmlcs Typ 
----- 
e Technique 
usua l  m3iecular-dynamics technique ,  PO] , 1 s  t o  a s s i g n  randam 
P 3 -  . - J - L S  and \ i e i ;@i t les  t o  a small  number of  p a r t i c l e s  and ts s t o r e  t h e s e  values 
LIE ;s,np~~tit lr ,  The molecules a r e  then  allowed -to move I n  t ime s t e p s  of. LO-'' 
5:- by ~ 2 _ v : r _ g  t h e  s e t  a f  Newtonian equat ions  f o r  t h e  whole system of  I n t e r a c t i n g  
,u,rt,:~es i n ~ e r a c t i o n  between p a r t i c l e s  i s  assumed co  cease a f t e r  some glven 
-d. 1 1 3  t he  g ives  molecule t y p i c a l l y  2 .25 CJ , where i s  t h e  zero p o t e n t i a l  
, .  ,-- - 1 ; Lennard-Jones p o t e n t i a l .  A pred icxor-cor rec tor  formula i s  used td  
,ne 3 11racy of  t h e  c a l c n l a t i o n s  . 
As mentioned above, t h e  p re sen t  technique  1s s i m i i a r  t >  t h e  molecular 
-4 i,,m,es ~ p p r ~ c i c h ,  bu-: a s  it  was developed independent ly it has a number of 
d,iPe:ences The main aim o f  t h e  d i f f e r ences  i s  t~ decrease t h e  computation 
me ac t ~ l e  Expense of accuracy,  This i s  necessary t d r ,  handle t h e  l a r g e  number of  
r l ~ e s  -nvds-red i n  gene ra t ing  a shock and even wl th  t h e  approximations used 
I -*z ?-;rapu~er xme i s  very h igh .  Fu r the r ,  it i s  not  obvisus t h a t  t h e  s tandard  
~ n . , = r ~ d r  dynamics technique could c a l c u l a t e  t h e  h igh  energy lmpaclts occurr ing  
t r is ge,;kraraon of  a Mach 20 shock wave, 
C ~ n s l d e r  a smal l  pr ism of  argan,  t y p i c a l l y  a few hundred anstragms 
- i ,3s8  as;^ -00 d square,  contained between two w a l l s  of t -mgs ten ,  The wa l l s  
- e 31a*,ated by assuming t h e  metal  atoms a r e  i n  two l a y e r s  a s  shown i n  t h e  t w ~  
"I rrIsns:,,-a ske tch  i n  F i g ,  1, A two-dimensional f i g u r e  has been assumed f o r  
y a,ck.oign zhe a c t u a l  s imula t ion  w a s  i n  t h r e e  dimensions, They a r e  taken 
- ?  j b ~ d y   entered cubic l a t t i c e  wi th  in te rpar -Lic le  d l s t a n e e  3 0 i 6  2' How- 
2 e', t n e ~ ~  ;,r:ms a r e  assumed not  t o  move r e l a t i v e  -to eazh o t h e r  during t h e  
e-perlmcr, ,  T h i s  was necessary a s  not  only wauld t h e  ca'scuiation 3f t h e  vlbra- 
- I iich dc12rn have r equ i r ed  cons iderable  e x t r a  c ~ m p u t e r  t ime, bu t  s-corage 
,e,;ci ~y 811d pcsi-cian coordinates would have been i m p ~ s s i b l e  wi th  t h e  
s r , #age ,l-;i;;Loie i n  t h e  eclnputer used by t h e  a a t h o ~ ,  Wrth f i x e d  pos i -  
r -Jas , >t necessary kc; s t o r e  atom p ~ s i - t i o n s ,  assumirrg t h a t  L " c g s k n  
i uaa s l ~ u a t ~ d  a t  t h e  p ~ l n t  ( O , O , O ) ,  This i s  equf-faeent -t.s t h a t  t h e  
w - ~ - ~  A S  a,;aka~~~ Tlie argan atoms were s imula ted  by chcosrng i-anaom posi.t;ians 
c~ 3 i? l v l ~ ~ - , ~ , ~ i - - ~ ~ n  ve loc i ty d l s t r i b ~ t i o n ~  The number of  p a r t 1 c l . e ~  were chosen t o  
- * jl G .h: - 2 5 3  r e d  :i:itlal p re s su re  assuming t h a t  t h e  gas w a s  a p e r f e c t  gas When ~i 
s e r i  A: g E?, .L II'IEW atom two r e s t z - i c t i s n s  were p laced  upon t h e  p s s i t r o n  (1, t h e  
d-StaT?Ce Se th -F?  r;hs cenzre 3I' t h e  new p a r t l c l e  and any e x i s t i n g  p a r t i c l e  must 
b;: _tss Laan C , g ~ ; ~ ; i i )  no gas molecule must b e  c l a s e r  t 3  t h e  -wail t han  
L = , J ?  i, Where CJ and cr a r e  t h e  zero po-Lent;l&l r a d i i  f a r  a.rgsn-argcri 
i. A T 
. . ;. -,: -; J dLmg.sn-tungsten in-ceract lon r e s p e c t i v e l y 3  Thls was necessary 
a, * w a  zY G Z L Z S  could b e  p laced  u n r e a l i s t i c a l l y  c lo se  t o g e t h e r  so  t h a t  even 
:-a? &--' 5 % ~  the  v e l o c i t i e s  would i n c r e a s e  t~ u n r e a l l s t l c  va lues ,  The 
p r- ,a,- b , ~ ~ a & r y  zm.di t i3n  w a s  invoked on t h e  l a t e r a l  boundaries. That i s ,  
1:- -: c ~ ~ e i :  vhti:h move out  ac ros s  BLU, F ig .  I ,  entey  thrcjugh BLL a t  t h e  same x- 
- iair=sdPc Thus it was nezessary  t 3  keep a l l  p a r t i s l e s  a discanee - DMIN from 
B-U ~ I - L ~ , :  6 :be L n l t ~ a l  s e t  up, .In most p a r t s  of t h e  r e g i s n  t h e  j e l o 2 i t l e s  were 
. &kt.? f'rom a pid,xwe~i;&c d l j t s i b ~ r ; ~ i  2:- a~pr~pris.: 5 ;,.-; 3ooGK H - w  -..-=,,. ,, c\,,.. , ..... s .  The 
wa,- the MaxweiLiafi -,ireJ-;-;t;);, a s s  ir.-=.kas,=d a ' ~ f g h t > ~ y  d a , ~  ~9 ,ea,-:::',i: : ir..s 3 
wl -LpAi ,Li9 a,r -, ?, ,. 2,  -.,-.- fie'-,6 ,:? --- 
. A  -* - . L V C  ~ 1 2  w._.-; &;sl;q.: DGfim3 FLg .~ * .. * >  W C ?  
takerA be T o 5  2 -  The fnc.;ecse -;,,zL.,ci.;y ws. such as '5.3 ~ . , > n = e r , ~ e  kn ;.,-- cl.' c Y  
.t,he pir.r,;cle. 1% was r~&,i,ed t h ~ ~  '-r,:s was ~:r,;,,.r.ye,: phy5i~&..~y r,.,.,:. :, a:. yw?-js 
b-  e. -,..: ..-- -,; :,he aue.!-~p by ij; F G ~ , L P J ~ , -  pdAA-d-~d 2 ~ - L  a ~ 2  ;k.e density, s ~ s - u r n i : ~ ~  '7 . -y?er r e - r 
p_.- ,. ..,, .. ,..,LF~, - sb;;,ld :beg & r;L&:i:j-:hlp .:k~ -:ha-: p;-<;,p1:sed by S-ceelc c;.:.4 
Halseg ll.,!, This wa.s n;"c;Ll,;.wea as i c  was ~hoixdh-c i;nai %he sh;,_;c . w , ~ . _ c x  bc 
de -e ,-;ped ~ ~ ! ; ! f ~ ~ i c i e r , c ~ y  ~ d p  idLy  ha:: he aa;.-, U u  l n y t  A LOI(L - by t h2  staricna:>- W Z L  TT,.>~;-- 2 
fi.,: oe sig_=,z its::-, Ffi - A " .- - WP;S ci.,, ,grit reaZoi;&,i.- f1 ;In ,{.he b-;.-sry l i i  s.% L&-LE,S :I; s~:;;;~"?; 
., g~i;,~i:i: .!~; b2 E l i .>  I ,  H,Jwe\rer ihe shc'ck wa.ire ge.::srarZsn 13 a,:.w,: arrd I..- 
t- -, 
. . 
,&ppsZar ;rk;, . , :.. y o i i i ' x  have been be t  t.2: c; al,:w a3>lri'i d=,:i; ;.,by I i a L i a : ;  .\., rL i t ,  ~ ~ e s  
fi;.: seem hc;wege,- tk,&r, :,he sh3ck pr:perxies  wo'~i.d na\r, been aiie;..-d. ii" :il:, 
defisj. .ty vi;,r,ar,i,n hh.,d been aii . jwed, 
Thf, m;,e25,.-;; as;;nec; .:; ma-i,.e I'LL. 8kA3; : le~lg'gh "f %z-l~it  A t  .- -.. cu 
f .,lr e fieid w h i ~ h  ;.emairLa e~ns-ca,~?t  a i l ~ i n g  t h i s  pe~i2d. A S:LXL-L~ A~SL-TL~*-~.~.;-: 
, -  . ?  
was lnedi by Lennzrd-J8~nes aria De-cr~rish1re jj i . ~  arid it was f r " m  this : . d e ~  m e  
pres l;cl wr;rk d e ~ r e i .  p!%d, p~riher f":,y.:z f i e i d  1s :r*yy .,, : h::r 
*-, * 
- .- c ~ . _ L ~ s  ~i thii; i sphere if g ~ - ~ j - e i ~  rhdius  R, s y p r - ,  ,a.i. ' '  i y i  7.5 ~ 12 r!::e :see ~f 
m . ~ i e c u ~ e  :!.ear ELU :r. BLL t h e  sphere 1.5 a a a 8 ~ r l c . l  tc; EXCC.:..~ t-:  he ;:raer s:ci.c: -IT 
, , , > , .  
6 
fcj-m& new veio\-i*:,y pjs;s::s.:_ f;,: :Lib p 5 r . t i i L &  - i d  l a  ret,,l-::ej I: 5 
" 
~:~;ga!.ria,;- p;~:~~;.;-,a a.r.3 the > T * ~ W .  ' J , : . ,~UES 6 S 8 3 . : 5 2 ,  1 r ;'ri.:. psi: ti-."? .." ;b*- .c, .: x.- 
" ,  . &mi,c~,~zd a36 s d  in u~::*L -b:h~ whs':,e ~ ' ' i ( - , ' ~ d  I-,~ ; . : ~ p e d ~  ?:nt , p a ~ t i : l ' = ~  -..ni.-p. -2k.f: 
xp ~ , h e r r  ,:~ew p , ~ s l ; i ; n s  and '\rei-sl,:l,ez. did .hi;. q ~ i e  1-5 r&pe,2s,=,d. ~ 1 1  " p:cLk,"': :-:.e. 
the mes,h3,d was L, 3 r d ~  ,*' the par - - iCGler  , , 
* A  i;: L;cr;e=:c,g x and -a,.: 1L.i:e 
, , l.t,e:a;:-: 1;: betwe.;r: t h f ~  :,r,k, arid i -" p;r'~l-.-e J'ne required f,.r;.b vt;,.,.es 
f,-,;: :.he i . y h  >sflic'ie were ':h8,?fi sr.,jy;; 3a - :,:!?! ' .~?eg&'~ i-ck ,1' thkc f ::f 7 hc : ..- 
p r fa > =  , This jg,i$-.d ,&ci;l&le I a ~ : _ , u ~ a t i ~ . n ~  W B ' ~ ' -  e f r z ( ~  2 wer= a . i ' - ~ w ~ : ~  r, : 'kg , ,.I:- 
~. , . . l t : r~ . -g  ,i.h:: ~fi..r,c;,,~.c;iofi ,;r the gSuz 3.,.:.lm w i t r :  -& :.;,;s-=? s ~ r ; t e i r .  '. ,.,. !:;gs.::-z %~,>::LS 
31 13 jIibL19. 7:be , S  ih,21qile -by ~ ; ~ k , ~ ; . ,  &Ail r,2,.ij.' 
a -.,.:n 11~33 i;f a.s:x~iing I ~ L ~ T  4 . . i . ~ i d . e  c.
gi.vc.n disra:::.~ r"r,~n ri;he w,aL, the  wa,L f f ; : . : ~  sh;.bir:id be ~,:,r=,gi.a,~eci. .. , ;::T;-,r'.y, 
igas T; :; :.,k 3 .  wa.5 f; 2ri5 -bri&-r iyery gz ~,~a;-.c, i&yi >r,; L ' p A gh.1 1 p 1" €? S S1.l i" f? ., C 3.;' ;' .- :,. 
Th;; .nay b. s- ,  ;he .:i&~..j; f .clr.e w;aL.- 4 - 2 ~ -  ia~zd.  herc ,  
In t h e  p re sen t  c a s e a i s  genera ted  by t h e  surrounding atoms a t  r 
Sistance r, from r j 
A 5 i ' 
A A 
r - r  i j 
jJi 
T E ~ Z  Td -5 -the r e l & i v e  v e l o c i t y  o f  t h e  two p a r t i c l e s .  Thus by l e t t i n g ( t - t l )  
I" -14 
wse snai l . ,  ~ . e , ,  & = 10  sec  f o r  a Mach 1 0  shock wave, t h e  p o s i t i o n s  and velo- 
c~ tles c oxild be found. Even us ing  t h e  t h i r d  d e r i v a t i v e  it was found t h a t  i n  
,,ine ;vari;icles could move u n r e a l i s t i c a l l y  c l o s e  t o g e t h e r .  I n  t h e  next  t ime 
step the: would then  b e  dr iven  a p a r t  wi th  such h igh  v e l o c i t i e s  t h a t  t h e  whole 
system. woinld even tua l ly  become uns t ab le .  Thus when two p a r t i c l e s  would i n  a 
gsven $lne  steep becmeo  l e s s  t han  2.15 8 a p a r t  it was assumed i n  a s i d e  calcu-  
l d t i o n  t h a t  zhese two p a r t i c l e s  c o l l i d e d  on t h e i r  own. The t ime s t e p  was re -  
dnced by a f a c t o r  of  1 0  and t e n  smal l  s t e p s  were t3ken.  When t h e  new p o s i t i o n s  
aii : :elocsties were found t h e  equiva len t  va lue  of  i;i was c a l c u l a t e d  which would 
take -the a a r t i c l e s  from t h e i r  i n i t i a l  v e l o c i t i e s  t o  t h e  f i n a l  v e l o c i t i e s .  This  
- * a  
vaiue o: r was then  used i n  t h e  normal c a l c u l a t i o n  assuming a l l  r e l e v a n t  p a r t i -  i 
cLes were in-Leracting. This device was only  needed dur ing  t h e  e a r l y  s t a g e s  of 
e s t a b l i s h i n g  t h e  Mach 10  shock al though it was needed throughout t h e  who e o f  
ihe Mach 20 wave gene ra t ion .  The t ime s t e p  At was reduced t o  0 .4  x 10-lt  s e c  i n  
che latt,er case .  
I n  an e a r l i e r  t r ea tmen t ,  [ l k ] ,  s i m i l a r  assumptions were made except  
t k a i  i n s t e a d  af us ing  a Taylor s e r i e s  expansion it was assumed t h a t  t h e  change 
i n  p o t e n t s a l  energy i n  t ime At was converted i n t o  a change i n  k i n e t i c  energy, 
I e , ,  
2 v. 1 (t) = s q r t  (vi(tl). -2@. vi( t l )  ( t - t l ) / ~ )  
Xowever, f u r t h e r  s tudy of  i n d i v i d u a l  c o l l i s i o n s  showed t h a t  it was p o s s i b l e  
under scae c ~ r ~ d i t i o n s  f o r  an u n r e a l i s t i c a l l y  c l o s e  approach between molecules 
t~ accvr be fo re  r epu l s ion .  An example o f  t h i s  occurs  when two molecules a r e  
c n a s x g  each o t h e r  w i th  t h e  rearmost molecule having t h e  h ighe r  v e l o c i t y  and 
ove r t ak -~ng   he f r o n t  one. This gave h igh  v e l o c i t i e s  and hence h igh  temperature 
peaks. I n  zhe p re sen t  technique t h e  r term provided e a r l y  warning o f  t h e  i E"$proazl1 ~f t h e  second molecule. Although it was thought t h a t  t h e  p re sen t  
:zcixiipue woi*ld al low l a r g e r  t ime s t e p s  t h a t  10-l4 s ec  t h i s  d i d  not  occur .  
Ra~,her ,  "-,e Lime s t e p s  i n  [14 phould  have been sma l l e r .  
3 .  EXPERIME3ITU DETAILS 
3 "1 Cold Wall Study 
Phys ica l  d e t a i l s  o f  s imulated gaseous r eg ions .  
The i n i t i a l  p i s t o n  r ad ius  was approximately 45 mean f r e e  paths i A i  :f 
che undisturbed gas ,  f o r  t h e  co ld  w a l l  s tudy as shown i n  F i g - 2 ,  The ceLLs ve re  
p r a d ~ c e d  from j hemispherical  s h e l l s  Z. i n i t i a l l y  l.2X i n  width r e c l u c ~ ~ i g  as 
t h e  p i s t o n  moved i n  t o  0.5 A .  A f t e r  t kds  t h e  number o f  s h e l l s  were reduced 
t 3  ksep t h e  width approximately cons tan t  i n  wid th ,  I n  s h e i l s  where s u f t l c i s z t  
atcms were p re sen t  t o  al low 10 atoms i n  t h e  sma l l e s t  c e l l ,  f o u r  c e l l s  2 . - ,  
(1 = 1 -41 were formed. The c e l l  Z was formed by t h e  volume between t?!e 
3 
a r ~ m u t h a j  angles  (measured from the'4 a x i s )  0 and 4.5°, Z besween L. 5 and 9", 
2~ Z- between 9" and 13.5" and Z between 13.5' and 90° o f  t h e  r ad ius  -ie:s:jr 
33  43 
wher swept through a l l  p o l a r  ang le s ,  On a l l  o t h e r  occasions only 3 zones were 
0 f a m e d  where t h e  azimuthal  angle  moved i n  s t e p s  o f  30 . The c e n t r e  31" Tce splqer.; 
was surrounded by a sphere of r ad ius  6X. I n i t i a l l y  t h e  atoms were dlsr , r lbuteC 
t h r ~ u g h o u t  t h e  whole volume wi th  a Maxwellian v e l o c i t y  d i s t r i b u t i 3 n a  Whlle IT 
t h e  information t r a n s f e r r i n g  mode an assumption of  s p h e r i c a l  symmetry was nade 
with  each c e l l  so t h a t  t h e  azimuthal  ( 9  ) and p o l a r  (+  ) angles  could be ~gnoreci, 
Thus each p a r t i c l e ' s  v e l o c i t y  was t ransformed t o  a s e t  o f  axes w i t h  the  rc;diUs 
vector  ( r )  a s  t h e  x a x i s ,  t h e  x a x i s  a s  r 9  and t h e  x a x i s  a s  SQRT(X'+ y2jo$ 1 2 3 
Af ter  t h e  c o l l i s i o n a l  process  was complete f o r  t ime AT t h e  v e l o c i t i e s  were 
m 
t ransformed back t o  t h e  o r i g i n a l  axes f o r  t he  purpose of movlng t h e  par -c le les ,  
A t o t a l  a f  4,000 p a r t i c l e s  were u ed t o  s imula te  t h e  p roces s ,  which hs3 an 18 i n i t i a l  number dens i ty  o f  2 x 10  . 
3.2 Dense Gas Study 
An experiment cons i s t ed  of  s e t t i n g  t h e  molecules up, a s  d e s c r ~ b e d  above,  
t o  s lmula te  a temperature of  2 ~ 3 ~ ~  (T 1 and a k i n e t i c  p re s su re  a s  required 
(Po )  . xhen ai lowing them t o  c o l l i d e  f g r  0.55 x 10-l3 sec  o r  f i f t y - f i v e  cjrcies . 
From i n l t i a l  s t u d i e s  it appeared t h a t  t h i s  would be s u f f i c i e n t  t ime 13 a,l,)w 
l a r g e s t  f l u c t u a t i o n s  due t o  t h e  expanding gas t o  b e  damped. It was reallzed 
t h a t  t h e  gas was no t  i n  a s teady  s t a t e  by t h i s  t ime b u t  i t  appeared that 
s u f f i c i e n t  computer t ime t o  achieve an equi l ibr ium s t a t e  could not  be r e i i sonab~y  
obta ined .  This would amount t o  s e v e r a l  hours be fo re  t h e  experimenx c~mmenced 
Bowever t h e s e  f l u c t u a t i o n s  do not  appear t o  s e r i o u s l y  a f f e c t  xhe genera; r e s b ~ L s  
Afzer t h e  i n i t i a l  s e t t l i n g  t ime t h e  p i s t o n  was moved a t  t h e  v e l o c i t y  necessary 
t3 genera te  t h e  d e s i r e d  Mach number assuming b ina ry  c o l l f s i o n s  /6], In -uc;Eir ta 
prevent  excess ive ly  v i o l e n t  c o l l i s i o n s  between w a l l  atoms and gas arcms, t h e  
p o t e n t l a 1  was c a l c u l a ~ e d ,  assuming t h a t  t h e  w a l l  had moved through h a i f  the 
d i s ~ a n c e  it would during t h e  t ime i n t e r v a l  &. I n  a i l  cases  t h e  Lennard-Jones 
pa t en t  li;; 
-14 For argon-argon i n t e r a c t i o n  t = 1 . 7 1  x 10  e rgs  
2 0 ~  a r g o ~ - t u n g s t e n  i n t e r a c t i o n  t = 1.78 x e rgs  
0 = 3.07 8 
where r = in -cerpar t ic le  d i s t a n c e .  
I n  t h e  imploding shock wave s tudy  t h e  p i s t o n  was assumed t o  b e  con- 
s ~ r 3 ~ c z e d  ~f argon atoms c l o s e l y  spaced i n  two rows. As t h e  p i s t o n  imploded t h e  
s2acing was reduced a s  w i th  f i x e d  spacing it would appear t o  t h e  gas atoms t h a t  
:he piszon was r o t a t i n g  c i r c u m f e r e n t i a l l y  . 
Eif'ez-cs of a Cold Wall on an Imploding Shock Wave 
---- 
The o r i g i n  of  coord ina tes  has  been taken  t o  be t h e  s u r f a c e  of  t h e  sphere 
Y J Y I ~ I J L ? ~ ~ . ~ ~   he o r i g i n ,  t h a t  i s  i n  t h e  p re sen t  case  6A from t h e  hemisphere 's  
cesi The d a r t a t i o n  of  temperature p re s su re  and dens i ty  through t h e  shock 
-i:e wltn a specu la r ly  r e f l e c t i n g  w a l l  i s  shown i n  F ig .  3 a t  a t ime o.oo2762/vm 
s e e ,  aI, ,e? t h e  p i s t o n  s t a r t e d  moving. This  i s  t h e  same as t h e  s p h e r i c a l l y  
srnme?;ri.c case which w i l l  b e  used f o r  comparison. A pronounced peak i s  formed 
i n  m e  temperature p r o f i l e  at t h e  shock f r o n t .  The r e c i p r o c a l  s l o p e  shock 
Lkickness wlzen compared w i t h  t h e  p l ana r  case  [6 ] ,  shows t h a t  t h e  shock waves 
rx?re a r e  ap2roximately twice  a s  t h i c k  a s  i n  t h e  p l ana r  case .  The corresponding 
case  with  a co ld  w a l l  f o r  t h e  reg ion  where only 3 c e l l s  could b e  formed i n  each 
stzeil 1 s  shown i n  F i g ' s .  4 ,  5 and 6 .  These g ive  t h e  r e s u l t s  f o r  t h e  reg ion  where 
o n l y  3 c e l l s  could be formed and r ep resen t  c e l l s  Z Z and Z a s  des igna ted  l j '  2 j  3 5 
13 Flg  2 .  Only t h e  f r o n t  f o o t  of  t h e  shock i s  shown he re  and by comparison 
k ~ l h  Fig, 3 l t  can b e  seen t h a t  t h e  temperature p r o f i l e  l a g s  behind t h e  r e s u l t  
f ~ r  t h e  s p h e r i c a l l y  symmetric case .  However t h e  p r o f i l e  w i t h  t h e  co ld  w a l l  i s  
s ;eepel  than  I n  t h e  s p h e r i c a l  case .  Where fou r  c e l l s  pe r  s h e l l  were formed t h e  
s l t ~ a t l ; :  IS v a s t l y  d i f f e r e n t ,  F ig .  7 .  Zone 1 a r e  t h e  c e i l s  c l o s e s t  t o  t h e  
*n11 ( a t  Z , Fig .2 )  and Zone 4 a r e  t h e  c e l l s  Z 4j" The p re s su re  and dens i ty  pro- 1.1 
f l i e s  l r i  zone i show t h a t  t h e  p re s su re  and d e n s i t y  a r e  much h ighe r  c l o s e  t o  t h e  
c l s t o n  than i n  t h e  symmetric ca se .  The temperature i s  lower b u t  it can be seen 
thzr tke nos?; s i g n i f i c a n t  f e a t u r e  i s  n hat t h e  shock f r o n t  i s  r e t a r d e d .  This re -  
L ~ ~ C L Z ~ ~ J L  1s seen i n  t h e  temperature and p r e s s u r e  p r o f i l e s  i n  zone 2 .  However, 
,he pre:,s l r e  and dens i ty  i n  zones 2 ,  3 and 4 a r e  approximately t h a t  i n  t h e  sym- 
x a t r ~ c  @ = s e e  The r e t a r d a t i o n  o f  t h e  temperature i s  no t  seen i n  zone 3 bu t  t h e  
\ T a i L e  1 s  lower than  f o r  t h e  symmetric case .  Although ~t was f e l t  t h a t  i n s u f f i c i e n t  
as t& was ava i sab le  t o  be  conf ident  t h a t  s t a t i s t i c a l  f l u c t u a t i o n s  had been e l lmi-  
n a t r d ,  ,ke temperature p r o f i l e  i n  zone 4 appears  t o  have a s i m i l a r  peak a s  i n  
E l g , 3 "  The value a t  t h e  t o p  of  t h e  peak and a t  t h e  p i s t o n  a l s o  correspond,  
T r u s  zhe 2lntuy.e which evolves i s  of  a shock which has  been r e t a r d e d  by t h e  co ld  
w d i i  azd i s  s l i g h t l y  e l l i p t i c a l .  However t h e  va lues  of  d e n s i t y  o r  p re s su re  a 
s n o r t  61-stance from t h e  w a l l  a r e  no t  g r e a t l y  a f f e c t e d .  
G e ~ e r a l l y  t h e  most i n t e r e s t i n g  reg ion  i s  t h e  p a r t  of t h e  flow around 
?;re orlgln 3urlng t h e  reflection p roces s .  The p re s su re  and temperature p r o f i l e s  
f ~ r  :he s imuiated s p h e r i c a l l y  symmetric case  a r e  shown i n  F ig .8 .  A s t eady  in -  
c r ease  -r both temperature and p re s su re  a r e  found except  f o r  an overshoot i n  
teXpe:atl;ie f o r  a s h o r t  t ime.  The same case  wi th  a co ld  w a l l  i s  shown i n  
Fig's, 9 and 10 showing p re s su re  and temperature p r o f i l e s  a t  approximately t h e  
same tine as I n  F ig .8 .  Zone 1 i s  t h e  c e l l s  c l o s e s t  t o  t h e  w a l l ,  Z i j  i n  F ig .  2 
and zone 3 i s  Z,, ,  where t h e  condi t ions  were such t h a t  only 3  c e l l s  per  s h e l l  
JJ 
could be  fermed. Zone 3 behaved very much l i k e  t h e  s p h e r i c a l l y  symme3rle l a s e  
although I n  t h i s  case t h e  overshoot was i n  p re s su re  r a t h e r  t han  temperat , re  
However, t h e  f l n a l  r e s u l t s  were very  s i m i l a r ,  I n  zone 1 "Le shock was ~nr:;%LLy 
s l i g h t l y  r e t a r d e d  and bo th  p re s su re  and temperature were a  l i t t l e  less t1:an I n  
zsne 3 ,  Tine s i g n r f i c a n t  f e a t u r e  was t h e  presence of  a thermal  boundary l a y e r  K e ~ r  
t h e  c e n t r e  which a l s o  reduced t h e  p r e s s u r e ,  This was most marked a t  t m e s  T ii- ' T and T It appeared t h a t  a s  t h e  dens i ty  b u i l t  up a t  t h e  c e n t r e  t h a t  shls v&n-- 6" 
saed .  Neither t h e  temperature nor t h e  p re s su re  i n  zone 1 reached those  1- zone 3 
However, r h e  r e f l e c t e d  shock f r o n t  d i d  not  l a g  behind i n  zone 4  a t  t m e  T 
s ign i f i c sn tLy  , 7 
The i n i t i a l  s t a g e  of  r e f l e c t i o n  f o r  t h e  d i f f u s e  r e f l e c t i v e  wa,~ 1s 
shown i n  F ig ,  11, The temperature p r o f i l e  i s  t h e  s lowest  i n  development a ~ d  
t h e  generation o f  t h e  r e f l e c t i n g  shock can b e  seen i n  a l l  t h r e e  p r c f l l e s ,  This 
l a g  1: t h e  development of  t h e  temperature p r o f i l e  i s  con t r a ry  t o  t h a t  found f z r  
t h e  r e f l e c t i o n  o f  a  p l ana r  shock wave [6] ,  where ~t was found t h a t  t h e  s's,cc.,k 
temperature p r o f i l e  was t h e  f i r s t  t o  form. 
The f i n a l  r e s u l t s  produced, F i g ' s .  12  t o  16 ,  were a t  a  c:me O C O L ~ / V ~  
set, a f t e r  t h e  motion s t a r t e d .  I n  t h e  case  of s p h e r i c a l  symmetry, F lg  - 2 3  
f a i r l y  smooth curves were obta ined  f o r  p re s su re  and v e l o c l t y  p r o f i l e s ,  4- k l n ~  
1 s  shown i n  t h e  temperature p r o f i l e  a s  t h e  r e s u l t s  i n d i c a t e d  one,  This prsbEh~-y 
i s  no tmean ing fu l  and may b e  due t o  s t a t i s t i c a l  sea-ctel-. The shcck fron; p o s l -  
t i o n  i s  w e i l  def ined  by t h e  dens i ty  r a t i o .  In  t h i s  case  t h e  dens i ty  has szar;ed 
f a l l i n g  a t  t h e  o r i g l n  due t o  expansion waves genera ted  by t h e  outward moiisn -f 
t h e  shock, The p re s su re  r e c i p r o c a l  shock th i ckness  shows t h a t  t h e  s h ~ c K  is abouc 
t h r e e  t imes a s  t h i c k  as i n  t h e  p l ana r  ca se .  The temperature p r o f i l e  i s  n s r  SL 
, r a r  w e l l  def lned ,  bu t  i s  at l e a s t  a s  much as t h r e e  t imes t h i c k e r  t han  t h e  pi:L..-A 
The r e s u l t s  f o r  t h e  corresponding co ld  w a i l  case  a r e  shown i n  F i g s s ,  13 t3 A ? ,  
Figure 1 3  r ep resen t s  t hose  c e l l s  c l o s e s t  t o  t h e  w a l l ,  Z. F ig .  14 r h e  Z2J c e l s  ij ' 
and F ig ,  15 t h e  c e n t r e  c e l l s ,  Z 39 ' The p r o f i l e s  f o r  zone Z a r e  very SLnliEii t, 35 
t hose  f o r  t h e  s p h e r i c a l  ca se ,  The c e l l s  c l o s e  t o  t h e  w a l l  show a weaker ref~ec:ob 
shock a s  t h e  peak va lues  of  p re s su re ,  temperature and dens i ty  a r e  lower rn F i g  ij 
t han  i n  Fig.13.  In  a d d i t i o n ,  expansion waves have t ~ a v e l l e d  f a s t e r  here a a r  -n 
t h e  c e n t r e  zone and t h e  p r o f i l e s  of  tempera ture ,  p re s su re  and dens l ty  all show 
a  decrease a t  t h e  o r i g i n ,  However, t h e  ve loc i ty  ~f  t h e  shock f r o n t  1 s  t h e  ssme 
i n  both cases ,  Although no t  o f  d i r e c t  concern t o  t h e  p re sen t  s tudy ,  the r e s u t s  
for t h e  d i f f u s e  w a l l  case  near  t h e  p i s t o n  f a c e  a r e  shown i n  F ig .  1.6 a t  zi rlme 
0 .004624/vm see .  The co ld  w a l l  has  produced a very s t r a n g  shock wave i n  b o i t  
t he  dens i ty  and temperature p r o f i l e s .  A s t eady  g rad ien t  i n  temperature L s  seen 
away from t h e  walk and a thermal  boundary l a y e r  i s  w e i l  e s t a b l i s h e d  
Thus t h e  o v e r a l l  p i c t u r e  he re  i s  t h a t  both t h e  incoming znd rellec-cea. 
waves w i i l  move a t  t h e  same speed and hence r e t a i n  a  hemispherical  shape The 
regrion near t h e  w a l l  w i l l ,  have a weaker shock i n  terms of  temperat- i re ,  rEnsL1t.u- 
and p re s s  m e .  
Imploding Sphe r i ca l  Shock i n  a  Dense Gas 
The r e s u l t s  a r e  presented  i n  t h e  form o f  tempera ture ,  p re s su re  ~ t n d  
densf-cy c a ~ e u l a t e d  I n  narrow zones. A f i xed  number of  twenty-one divisions 
were csed  a t  a11 p i s t o n  p o s i t i o n s ,  s o  t h a t  at t imes when t h e  t o t a l  d i s t m c e  
was smali  t h e  r e s u l t s  were obta ined  on a  f i n e r  g r i d ,  The k i n e t i c  tempera:dre 
was c a l c u l a t e d  a s  t h e  sum of t h e  squares  of t h e  p e c u l i a r  v e l o c i t i e s ,  [12]and 
i s  r e f e r r e d  t o  a s  T t h e  k i n e t i c  temperature.  This combines with t h e  d e n s i t y  k 
t o  g ive  the k i n e t i c  p re s su re  P The v i r i c l  of Clausius  [16] i s  used t o  c a l c u l a t e  k ' t he  t o t a l  g r e s s u r e  P This g lves  To  
hhere x, y, z are t h e  p o s i t i o n  coord ina tes  of t h e  molecule and X, Y, Z a r e  t h e  
f c - c e s  acting upon t h e  molecule,  I n  t h e  case  of a p o t e n t i a l  which i s  dependent 
s;cr ;he d i s l a n c e  between t h e  molecules t h i s  reduces t o  
h h c r e  ~ ( 2 )  Ls  lie f o r c e  between t h e  p a r t i c l e s  d i s t a n t  r a p a r t .  Provided t h e  s i g n  
cf E,,) LS taken a s  pos5t ive  o r  nega t ive  according t o  whether it i s  a  r e p u l s i v e  
as~rdctzve f o r c e  t h e  r e l a t i o n  ( 9 )  may be used f o r  mixed s igned  f o r c e s  a s  i n  
tn? pre,ent case ,  The f o r c e s  between t h e  w a l l  molecules and t h e  gas molecules 
r r ~ s t  oe incllncled i n  X, Y ,  Z f o r  t he  zones near  t o  t h e  wal l .  As it was convenient 
tc pesforn she summations be fo re  t h e  zones were e s t a b l i s h e d ,  it was assumed t h a t  
;lo col?t:~b,ltion t o  t h e  summation was made by p a r t i c l e s  on t h e  l e f t  s i d e  of a  
g z  en zone and t h a t  t h e  t o t a l  of t h e  i n t e r a c t i n g  f o r c e s  on t h e  r i g h t  s i d e  were 
auued to t ne  given zone. The p re s su res  were non-dimensinnalized wi th  r e s p e c t  t o  
Lnc- k i n e t i c  p re s su re  i n i t i a l l y  e s t a b l i s h e d .  S imi l a r ly ,  d e n s i t y  and temperature 
weie Lon-dimensionalized wi th  r e s p e c t  t o  t h e  i n i t i a l  cond i t i ons ,  The r e s u l t s  
are snown ds  block diagrams wi th  a l i n e  sketched through t h e  r e s u l t s  f o r  i d e n t i -  
f s c a c i o n ,  No at tempt  has been made t o  use  a curve f i t t i n g  technique a s  g e n e r a l l y  
Lho zoclxaey ob ta inab le  from one "experimental" r u n  i s  no t  s u f f i c i e n t  t o  make 
s ~ h  an e x e r c i s e  worthwhile,  Thus t h e  block diagrams should be s t u d i e d  al though 
ic s m e  reg ions  of t h e  undisturbed flow t h i s  i s  no t  p o s s i b l e .  However, even i n  
+,:lle;e r e p s a s  t he  f l u c t u a t i o n s  obta ined  a r e  of i n t e r e s t .  
5 d s l ~ g  a p i s t o n  v e l o c i t y  of 0.29 x 10 cm/sec, a tungs ten  su r f ace ,  
in-tiiL n7~71ber d e n s i t y  of 0,245 x and i n i t i a l  d i s t a n c e  between wa l l s  of 
201 ;$, tne d e n s i t y  r a t i o ,  k i n e t i c  temperature r a t i o ,  k i n e t i c  and t o t a l  p re s su re  
vB L - ,2s a r e  show? f o r  t h r e e  t imes  i n  F ig .  17, Assuming b ina ry  c o l l i s i o n  theo ry  
tr-c ~ z a r c  of t e s t  condi t ions  would be 100 atmospheres, 2 1  mean f r e e  pa ths  between 
b2 L k ~  ) I k c k  nv=n'ner 10 shock wave and r e s u l t a n t  t e s t  t imes  of approximately 4, 9,  
1,' n;eaVL t i n e  between c o l l i s i o n s  ( 7 ) .  The shock equ i l i b r ium va lues  of dens i ty ,  
k e l g n / a t ~ r s  2nd presswre r a t i o s  us ing  b i n a r y - c o l l i s i o n  theo ry  f o r  a Mach number 
, r - i,67 i d e a l  gas  would be 3.93, 31.7, 124.6 r e s p e c t i v e l y ,  The t ime t o  
deTieicp fvkese va lues  a f t e r  t h e  p i s t o n  commences moving has been shown, [7] ,  t o  
De aScl~t c! le mean c o l l i s i o n  t ime i n  t h e  undisturbed gas ,  I n  F ig .  17a a f t e r  47  
thc  bLnary c o l l i s i o n  r e s u l t s  have not  been achieved al though t h e  equ i l i b r ium 
terpeca;bre p r o f i l e  w i th  a peak va lue  of about 10  at  approximately two mean f r e e  
pa ths  fl om the p i s t o n  has been e s t a b l i s h e d ,  It appears  t h a t  t h e  equ i l i b r ium 
v ~ u e s  a r e  obta ined  between 4 and 57 and t h e  e s t a b l i s h e d  p r o f i l e  i s  shown i n  
Fi;, ,7b et ;ixe 97. The t o t a l  p re s su re  i s  approximately t h e  same a s  t h e  
b i r a c y  c c l l i s i c n  theory ,  t h e  d e n s i t y  r a t i o  i s  about 2-1/2 t imes  g r e a t e r  
anlL ;he teli iperature r a t i o  l e s s  t han  10. The slow r i s e  t o  equ i l i b r ium va lues  i s  
a x  t o  t h e  large propor t ion  of p re s su re  due t o  in te r -molecular  f o r c e s ,  t h e  kine-  
T i c  ? q ~ ~ i : i ~ r i ~ m  being e s t a b l i s h e d  much quicker .  A maximum temperature r a t i o  of 
18 was found at a ~ i m e  0.57, bu t  t h i s  damped f a i r i y  r a p i d l y  a s  t h e  densley In- 
c ~ e a s e d .  The f i n a l  r e s u l t  o f  phys i ca l  s i g n i f i c a n c e  i s  shown i n  F ig ,  17c a t  t l a c  
~ O T ,  I n  t h i s ,  t h e  phys i ca l  adsorp t ion  a t  t h e  s t a t i o n a r y  w a l l  has al-cerea the 
i n i t i a l  condi t ions  s o  t h a t  f u r t h e r  r e s u l t s  could not  be obta ined ,  A very large 
p o s i t i v e  p re s su re  peak i s  found a t  a d i s t a n c e  from t h e  w a l l  equa l  t o  t k e  bz-ctcm 
or' t he  potent ia;  w e l l  of t h e  Lennard-Jones p o t e n t i a l  between tungs ten  and srgolf.. 
The press-dre c l 3 s e r  t o  t h e  w a l l  becomes nega t ive ,  Due t o  t h e  l a r g e  g rad lea r s  i n  
p r o p e r t i e s  probably t h e  l a s t  r e s u l t s  which can be  conf iden t ly  used a r e  ttzse i r  
Ffg,  In. As i n d i c a t e d  by t h e  long development t imes  t h e  Mach number c f  %e wave 
i s  much l e s s  than  1 0 ,  a l though t h e  mass v e l o c i t y  of  t h e  flu;d behind t h e  shocx 
i s  t h e  szme a s  t h e  b i n a r y  c o l l i s i o n  r e s u l t s .  Approximate contcurs  el" c o - s z a a ~  
mass v e i ~ c i t y  a r e  shown i n  F ig ,  18,  It should be emphasized t h a t  t h l s  f -&re  i s  
gene ra l ly  produced f r ~ m  only one s e t  of r e s u l t s  and thus  t h e  p ~ s i t i o r  of t h e  
tw- t e s  a r e  probably only accu ra t e  t o  4 8. The r e s u l t s  i n  F i g ' s ,  2 a r d  3 were 
r e p e a ~ e d  f o r  v a ~ y i n g  run t imes w i t h  d i f f e r e n t  i n i t i a l  random p a r t i c l e  1 3 0 ~ 1 ~ ; i a r ~ s  
and - - r ~ o e i t i e s ,  Figure 17a i s  t h e  average of 6 r e s u l t s  a i though F i g ' s ,  i7b and 
i7c &re  produced from only one t e s t .  General ly  t h e  s c a t t e r  between runs was 
small  and l e s s  than  would b e  suggested by t h e o r i e s  such a s  t hose  by SmolLilnowsk~. 
C-5 I 
Longitudinal  v e l o c i t y  distribution p r o f i l e s ,  i n t e g r a t e d  w ~ t b  respec t  
t o  both  l a t e r a l  v e l ~ c i t y  d i s t r i b u t i o n s ,  were ob ta ined  f o r  each zone a t  t h e  
completion o f  t h e  t e s t .  The r e s u l t s  a r e  shown i n  F ig ,  19  p l o t t e d  wlzh a prr>F- 
ability o r  Poisson o r d i n a t e .  With t h i s  o r d i n a t e  a  Maxwellian d i s c r i b u t i o c  Till 
appear zis a  s t r a i g h t  l i n e  through t h e  50% o r d i n a t e  and 0.0 a b s c i s s a  p c l n l s ,  
These r e s u l t s  may be  compared wi th  those  i n  [7 ]  u s ing  a  b ina ry  c o l l l s l ~ n  a s s m r -  
t r o n ,  It 1 s  found t h a t  a s i m i l a r  r e s u l t  i s  obta ined .  The zone near  the pLst:r 
1 s  Maxweliian wi th  a  small  s tandard  d e v i a t i o n .  On moving through t h e  shsck  t k e  
average va lue  becomes negat ive  [ T I .  The average bec%me pos i t iv -e  a s  i n  t h e  p x s -  
en t  case  t h e  p i s t a n  moves from t h e  p o s i t i v e  x  coord ina te  towards t h e  o r l g l n  ard 
a second Maxwellian i s  formed on t h e  p o s i t i v e  s i d e ,  This bump i s  seen c,eain.iy 
i n  t h e  r e s u l t s  by Bl rd  [7]. I n  f r o n t  of  t h e  shock a Maxwellian of l a r g e :  stard- 
a r d  dev ia t ion  i s  found. Thus us ing  an  e n t i r e l y  d i f f e r e n t  sechnique from F l r a  
and a dense gas where inter-molecular  f o r e e s  a r e  impor tan t ,  t h e  same vale-;cy 
distribution p r ~ f i l e s  have been ob ta ined ,  This gave added confidence I n  tne 
present  r e s u l t s  , 
From t h e s e  r e s u l t s  it appeared t h a t  t h e  p o t e n t i a l  o f  t h e  w a i - L  ~ 3 ~ 1 6  
dominate t h e  shock s t r u c t u r e  o r  a t  l e a s t  s u b s t a n t i a l l y  modify i t ,  %bus ar exper_-  
ment, was s imuiated by enc los ing  t h e  gas between two p i s t o n s  cons t ruc t ed  3 i  argcn 
%,oms i n  a  bcdy centered-cubic l a t t l c e  a s  be fo re ,  wi th  an inter-mole?ui;r 
spacing of i , 5  8 ,  The r e s u l t s  of F ig .  20 a r e  shown a% t ime 9-r a f t e r  the 12st312 
eolnznen-.ed mo-iring, and can be  compared wi th  F i g , l 7 b ,  The e f f e c t s  of t h e  cirat:oniiry 
wai l  upon t h e  gas at t h e  l e f t  hand s i d e  a r e  seen t o  be much l e s s  t han  bel'c~e, 
hcwever, !-he shock p r o p e r t i e s  a r e  w i th in  expected statistical s c a t t e r ,  "PLS 
s t r o n g l y  sugges ts  t h a t  t h e  r e s u l t s  a r e  a  func t ion  o f  t h e  gas l n t e r - r n c l e c ~ ~ s r  
p o t e n t i a i  ?n ly ,  Using a 360/65 IBM computer t h e  computatian t lme t o  o b t a i n  J?>gt= 
17b and 20 were 8 hours;  t o  cont inue t o  o b t a i n  F ig .  l 7 c  r equ i r ed  an  a d d i : i ~ n ~ ~ ~  
4 ho-ms, The time v a r i e s  by t h e  cube of  t h e  dens i ty  approximately and a s  ,he 
shock develaps t h e  cyc le  t ime becomes much g r e a t e r ,  Thus only a  ilrn;teA r a b e r  
a f  cases  could  be  s t u d i e d  due t o  t h e  h igh  computer t ime requiremen-cs 
> A s tudy  w a s  performed us ing  a  p i s t o n  v e l o c i t y  of  0.586 x 10 cmslsec, 
which w o d d  genera te  a  Mach number 20 shock wave a s s w i n g  b ina ry  c o i - ~ i s ~ s r  ~ h e ~ ~ ~ d  
i 1 
The values of dens i ty  r a t i o ,  temperature r a t i o  and p re s su re  r a t i o  would then  be  
3*9e, 126, 501, Figure 21 shows t h e  r e s u l t s  wi th  i n i t i a l  number d e n s i t y  0.245 x 
I J Again r h e  p re s su re  r a t i o  reaches t h e  c l a s s i c a l  r e s u l t ,  t h e  dens i ty  r a t i o  A 
1 s  approx~mate ly  2-112 t imes  t h e  c l a s s i c a l  r e s u l t  and t h e  temperature r a t i o  i s  
 st l e s s  t han  30. The i n t e g r a t e d  l o n g i t u d i n a l  v e l o c i t y  d i s t r i b u t i o n s  a r e  
s'nowa i n  T l g b  22 and al though t h e  s tandard  dev ia t ion  i s  g r e a t e r  t h e  same t r e n d  
i s  Pourd, 
:t ~ m d d  be  d e s i r a b l e  t o  check t h e  method by gene ra t ing  a shock wave 
s 1 E gas wi th  i n i t i a l  p re s su re  equal  t o  1 a t m o s p h e ~ e .  However it appears  t h a t  
.ir.is w o ~ ~ i d  requi re  about 30 hours computer t ime and i n  a d d i t i o n  only about t h r e e  
i 3 ~ r  inean f r e e  pa ths  of  undis turbed  gas could  be  s imula ted .  One r e s u l t  which 
p3es sonie way towards such a  proof i s  given a t  t h e  end of t h e  p a t h .  Using a 
t ~ n g s t e r ~  3x5-t-n and an i n i t i a l  number d e n s i t y  of  0.737 x  1021 a  s imula ted  exper i -  
7::znt was perfarmed. The d i s t a n c e  between t h e  w a l l s  was 680 8 o r  22 mean f r e e  
pa tks  of %he undis turbed  gas .  Af t e r  t h e  p i s t o n  has been i n  motion f o r  about 1 0 7  
well C e ~ e l o p e d  shock wave i s  formed as i n  Fig.23.  Again t h e  p re s su re  r a t i o  
i s  s p p c ~ x ~ r n a t e l y  t h a t  ob ta ined  from b ina ry  c o l l i s i o n  theo ry ,  t h e  temperature 
ratio i s  sga ln  s l i g h t l y  l e s s  t han  1 0 .  However t h e  d e n s i t y  r a t i o  now i s  over  
30 arid 1 s  about t h r e e  t imes t h a t  ob ta ined  wi th  t h e  h ighe r  i n i t i a l  number d e n s i t y .  
T'hls meens t l i a t  t h e  a c t u a l  d e n s i t y  was t h e  same a t  t h e  p i s t o n  f a c e  i n  both  c a s e s .  
Tdis sugges ts  t h e  conclusion t h a t  t h e  temperature r a t i o  i s  l i m i t e d  by a  t y p e  
"space chargen due t o  t h e  h igh  i n i t i a l  d e n s i t y .  Once a  cer-cain i n i t i a l  dens i ty  
ss exeeeded a given p i s t o n  speed w i l l  on ly  genera te  a l i m i t e d  molecular v e l o c i t y .  
'Thus i f  rhe pres su re  i s  determined by t h e  p i s t o n  f o r c e s  t hen  t h e  d e n s i t y  must 
acccmoclate t h e  d i f f e r e n c e .  An examination o f  t h e  i n t e g r a t e d  l o n g i t u d i n a l  velo-  
c ~ t y  d i s t r l b u ~ i o n s  gave t h e  r e s u l t s  i n  F ig .  24. Again t h e  same p a t t e r n  was reproduced 
t lrough t h e  shock wave. 
The l o n g i t u d i n a l  f o r c e  upon t h e  w a l l s  f o r  t h e  case  of  .245 x  10" i n i -  
t ~ a l  number dens i ty  i s  p l o t t e d  i n  F ig .  25 a s  a  func t ion  o f  t ime .  The f i n e  
T l ~ c t u a ;  i s g  l i n e s  i n d i c a t e  t h e  ins tan taneous  v a r i a t i o n  and t h e  heavy l i n e  shows 
t3e averkge fo rce  on t h e  s t a t i o n a r y  w a l l .  S imi l a r  fluctuations about t h e  mean 
ve re  f 3 ~ ~ c d  on t h e  moving p i s t o n  but  only t h e  mean r e s u l t  can be  shown. Ce r t a in ly  
s3me of t h e  e a r l y  t ime f l u c t u a t i o n s  a r e  due-19 t h e  i n i t i a l  expansion process  
a,though as can be seen t h e  f i r s t  0.55 x  l o  s ec  have not  been shown nor  used 
a ?  c a i c ~ ~ l a t i n g  t h e  average.  Even l a r g e  peaks were found on both  wa l l s  a t  t imes 
0 - 4 x sec  a f t e r  i n i t i a l  s e t t l i n g  pe r iod .  Some of  t h e s e  e f f e c t s  may be  
raduced if a non-r igid w a l l  had been used. 
The r e f l e c t i o n  of  a spherical ly-symmetr ical ,  imploding shock wave was 
0 
s kudled by cons ider ing  a s e c t o r  of  gas wi th  inc luded  ang le  appraximately 11 
1-1 both orihogonal  c i r c u m f e r e n t i a l  d i r e c t i o n s .  The r a d i a l  boundaries  c o n s i s t e d  
o f  dense argon su r f aces  a s  descr ibed  above wi th  in t e rmolecu la r  spac ing  12 8 .  
T'ne centv e bowdary  was a sphere 2  mean f r e e  paChs i n  r a d i u s  i . e . ,  1 9 .  4 8. The 
1~i -c :a l  od.cer p i s t o n  r a d i u s  was 620 8 t h e  i n i t i a l  number dens i ty  0.245 x  6 s::d %he p ~ s % o s  v e l o c i t y  was .293 x  1 0  cmfsec. Again t h e  p e r i o d i c  boundary con- 
d - t l on  was used a long  both  c i r c u m f e r e n t i a l  d i r e c t i o n s .  The condi t ions  a f t e r  t h e  
p l s . c ~ a  haa  moved f o r  about 117 i s  shown i n  F ig .  26a, The d e n s i t y  and temperature 
ra?;lcs saxe about t h e  same a s  f o r  t h e  p l a n a r  case  al though t h e  temperature pro- 
f * i e  has a p l a t e a u  r a t h e r  t h a n  a sha rp  peak. The k i n e t i c  p re s su re  does not  d ip  
a t  rhe  p l s t o n  s u r f a c e  a s  t h e  temperature g rad ien t  a t  t h e  p i s t o n  i s  l e s s  t han  i n  
t n e  pLan&s c&se,  The t o t a l  p re s su re  i s  s u b s t a n t i a l l y  lower t h a n  i n  t h e  p l ana r  
cz se  due LO %he reducing a r e a  not  producing a s  h igh  a  r e s i s t a n c e  a s  i n  t h e  p l ana r  
case  'he r e s u l t s  a t  a t ime 227 a r e  shown i n  F ig .  2611. A t  t h i s  s t a g e  a11 
v a r i a b l e s  except  t h e  temperature have r i s e n  very s u b s t a n t i a i l y ,  A ~ x r i s u s  fr3n-c 
p l a t e a u  appears  i n  t h e  dens i ty  r a t i o  al though from one s e r  o f  r e s u l t s  IT nay cat 
be s i g n i f i c a n t ,  A t  a t ime 0.6 x 10-12 sec  l a t e r ,  F ig ,  26c, a r e f l e c z e d  2ressuue 
wave can be seen t o  have developed about 20 8 from t h e  p i s t o n .  The p re s su re   at-2 
r l s e s  fram 600 at t h e  p i s t o n  t o  about 1000 at t h e  p o i n t  where r e f l e c c i o n  acc-uureS, 
Compa~ing F i g ' s .  26b and 26c it can be  seen t h a t  t h e  p re s su re  pu l se  a l s a  reflects 
i n  t h e  dens i ty  p r o f i l e ,  The k i n e t i c  temperature p r o f i l e  1 s  not  so  peaked i n  F'? g 
26c as I n  F i g ,  26b. The e f f e c t  of t h i s  r e f l e c t e d  wave s t r i k i n g  t h e  impiaci~ng 
p i s t s n  was gbserved i n  t h e  r e s u l t s  a t  a t ime .1162 x s e c ,  A g r e s s z r e  rz:r-. 
of 0.9 x 10  was formed near  t h e  p i s t o n  i n  a very  narrow reg lon .  I n  an exgeai- 
ment t h e  p l s t o n  would be  s u f f i c i e n t l y  f a r  from t h e  r e f l e c t i o n  porn t  t h a t  c b l s  event 
wzuld not  a r i s e ,  thus  t h e  r e s u l t s  a t  l a t e r  t imes ,  F i g ,  266, prsbably have ca 
phys i ca l  s i g n i f i c a n c e .  The high-temperature and p re s su re  peaks,  Fig026d, towards 
t h e  c e n t r e  a r e  t h e  r e s u l t  o f  t h e  i n t e n s e  r e f l e c t e d  wave moving very rap ia iy  tkrc igh 
t h e  dense gas tili ~t reached t h e  r e l a t i v e l y  r a r e f l e d  gas near  t h e  cenTre, T?-e 
rnzlec,les a t  t h e  f r o n t  o f  t h e  shock were p rope l l ed  a t  h igh  v e l ~ c l c l e s  by t h ~ s  
wa.15 and gave apparent ly  h igh  temperatures  and p re s su res .  The p r e s s c r e s  arLa cec- 
s i t y  p r o f i i e s  show t h e  r e in fo rced  wave moving r a p i d l y  towards t h e  c e n t r e  
One t e s t  was performed wi th  an i n i t i a l  dens i ty  a f  t h r e e  atn:osph.eres 
and t h e  r e s u l t s  a r e  shown i n  F ig .  27. The p i s t o n  had been i n  motion f;r abo7~r 
0,6a , and it can be seen t h a t  apparent ly  t h e  b ina ry  c o l l l s i ~ n  tempera tu le ,  pres- 
s u r e  and dens i ty  r a t l o s  have been e s t a b l i s h e d  a s  i f  t h e  shock wave was p ~ a n e  
H~wever  a s  t h i s  was f o r  t h e  s p h e r i c a l  case  and t h e  t ime t a  equi l ibr j -zn  im~und b;/ 
Blrd  of  1 . 0 1  had not  been reached t h e  r e s u l t s  a r e  not  conclus ive ,  However ~r Carl 
be  seen t h a t  t h e  temperature l i m i t  found previous ly  has  no t  occurrea l n  chis casz  
and a r a t i J  of 30 has been achieved,  It shculd  b e  mentioned t h a t  t h e s e  resu-"s 
r equ i r ed  about 20 hours of  computer t ime be fo re  t h e  experiment was termlnatec 
4 - 3  Appl ica t ion  o f  Resu l t s  t o  t h e  Hyperveloci ty  Launcher 
Due t o  requirements of computational s i m p l i c i t y  n e i t h e r  cf t h e  s;ua;es 
a r e  d l r e e t i y  applicable t o  t h e  Hypervelocity Launcher, A s  only b ina ry  s;;,leaons 
were al iswed I n  t h e  co ld  w a l l  s tudy  t h e  dens i ty  i s  much lower than  occbrs  i n  tke 
experiment.  However it would appear t h a t  t h e  c ~ n c l u s i o n  t h a t  t h e  c\)ld w a i i  vlli 
not s u b s t a n t i a l l y  a l t e r  t h e  shock shape i n  t h e  dense ho t  gas can b e  drczwr The 
a p p l i c a t i ~ n  of t h e  r e s u l t s  f r o m t h e  dense gas s tudy cannot be  so  r e a d l i y  ex-cra- 
ps'ia-ted t o  t he  experiment,  The numerical s tudy  was s e t  up i n  Argon i n  crder 1.) 
a w i d  t h e  complexi t ies  due t o  polyatomic molecules.  This s i m p l i f i c a t l : ~ ~  :.ulc 
be very i m p ~ r t a n t  a s  t h e  gas i n  t h e  experiment i s  a t  l e a s t  a mixture ~f E, 0 ,  
H z ,  02, H20, OH,  Once a very  s t r u n g  imploding shock passes  through such mix- 
t u r e  t h e  i o n i z a t i o n  problems would need cons ide ra t ion ,  Even i n  Argon 1f r e a l i s -  
t i c  shock Mach numbers of  say 100 t o  200 were used ionizat lc ln e f f e c t s  ~ o u i d  ie- 
q u l r e  cons ide ra t ion .  Thus i n  t h e  s tudy  he re  t h e  Mach numbers were Pestrlccec 
s o  t h a t  l o n i z a t l o n  e f f e c t s  would not be  significant, Agaln t a  reduce che cum- 
p u t e r  t ime an i n l ' t l a l  gas d e n s i t y  was chosen such t h a t  t h e  mean f r e e  patl., yas  
t h e  s%me order  a s  t h e  i n t e r p a r t i c l e  d i s t a n c e ,  This dens i ty  was about asnss-  
p h e ~ e s  whereas t h e  launcher  i n i t i a l  p re s su re  i s  about 30 atmospheres S tud l e s  
at  t h e  lower p re s su re  would inc rease  the  compuzer t lme by about an order cP 
magnitude. F l n a l l y ,  i n  t h i s  s tudy ,  t h e  shock wave was dr iven  by a cjnsxari 
v e l s c l t y  p i s t a n  whereas i n  t h e  launcher  t h e  p i s t o n  i s  much f u r t h e r  Eiam the 
c e n t r e  and the  shock i s  dr iven  at t h e  c e n t r e  by t h e  decreas ing  spherical a r e a ,  
Thus t h e  present  r e s u l t s  cannot be  d i r e c t l y  compared wi th  e i t h e r  experim?nt s -  
o t h e r  ~ h e s r y ,  However t h e  two most s i g n i f i c a n t  c ~ n c ~ u s i o n s  whlch cac  be dr&wiq 
a r e  ( a )  t h a t  an imploding shock i n  a dense gas can g e t  very a b s e  t o  t h e  ,entYe 
aro ( 3 )  i e f r a c t i o n  of the  shock wave w i l l  occur before the  cen t re  i s  reached. It 
wc~: !~ l  nct ap2ear t h a t  s u f f i c i e n t  co r re la t ion  e x i s t s  between t h i s  study and t h e  
exgerfment t o  t r y  t o  est imate t h e  d i s t ance  from t h e  cen t re  t h a t  r e f r a c t i o n  w i l l  
ozc7x, Yowever i f  t h e  Mach number of t h e  shock reaches 100 then r e f r a c t i o n  may 
occur a  measurable d i s t ance  f r o m t h e  centre .  Some allowance f o r  t h e  above e f f e c t s  
biorxld need t o  be made before a  reasonable ext rapola t ion could be expected. On t h e  
okilef hand t h e  present  r e s u l t s  could serve t o  s t imula te  continuum s tud ies  t o  ob- 
t a m  re f ra - t ion  e f f e c t s  such a s  found here,  
"he e f f e c t  of a  cold wal l  upon an imploding hemispherical shock has 
been found t o  decrease t h e  pressure ,  temperature and dens i ty  i n  the  r ~ g k o n  near 
C 1 
~ n e  ~ i a l E ,  Howeaer, t h i s  i s  a  loca l i zed  e f f e c t  a s  t h e  v e l o c i t y  of t h e  r e f l e c t e d  
skicek, i i  cluding t h a t  within t h e  wa l l  region,  i s  v i r t u a l l y  unal tered ,  It would 
b e  expected t h a t  some d i s t ance  from t h e  cen t re  t h e  e f f e c t  would be neg l ig ib le .  
a,n i n i t i a l  pressure  between 3 atmospheres and 30 atmospheres it 
a:-@ears t h a t  t h e  temperature r a t i o  developed by a  Mach number 10 shock wave be- 
cones l imi ted  t o  a  maximum of 8. This value i s  maintained f o r  i n i t i a l  pressures 
u?: t o  over. I 0 0  atmospheres and i s  approximately one quar ter  of t h e  b inary  c o l l i -  
s:cn r e s  ~lt. 'The nominally Mach number 20 shock wave a l s o  gave approximately 
03" quar ter  of  he binary  c o l l i s i o n  r e s u l t .  The p r e s s w e  r a t i o  obtained i s  
ap-L~roxlmately t h a t  calculates by binary  c o l l i s i o n  theory  and t h e  dens i ty  r a t i o  
i s  adJusted t o  match t h e  temperature and pressure  r a t i o s .  A t  high Mach numbers 
wE,h i n i t i a l .  nmber  d e n s i t i e s  of .245 x  1022 t h e  pressure  again i s  t h a t  ca lcu la ted  
by binsry cc lLis ion theory,  t h e  dens i ty  r a t i o  i s  t h e  same a s  f o r  Mach number 10 
and the ~ e m p e r a t u r e  r a t i o  i s  adjus ted  t o  ma%ch these ,  The in tegra ted  long i tud ina l  
ve -oc i ty  d i s t r i b u t i o n  funct ion through a l l  t h e  planar shock waves s tud ied  agreed 
geiierally with t h e  r e s u l t s  found f o r  b inary  c o l l i s i o n  theory.  
k. spher ica l ly  symmetrical imploding shock wave does not reach t h e  cen t re  
bei'cae r e f l e c t i o n ,  With an i n i t i a l  number dens i ty  of 0,245 x  $be wave 
r a p l e c t s  about 120 8 from t h e  cen t re  of t h e  sphere,  The process i s  s imi la r  t o  
snock wa-i.e r e f r a c t i o n  and a  t ransmit ted  wave continues t o  t h e  cen t re  and a  re-  
flected have outward, Poss ib ly  a s  t h e  t ransmit ted  wave strengthens r e f r a c t i o n  
r 3 7 i  DF p z s s i b l  e again. 
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Fig.1 Two-dimensional view of Argon gas molecules (0) and 
Tungsten wall molecules (@) used in studying planar 
shock waTres. Actual simulation was in three dimen- 
s i ons 
F I G U R E  2 : P E R I O D I C  BOUNDARY CONDITION AND CELL ARRANGEMENT FOR 
IMPLOSION I N  D m S E  GAS 
PRESS. ,, 
DISTANCE FROM ORIGIN 
MEAN FREE PATHS 
FIGURE .3: DEKSITY, R E S S U R E  AND TEMPERATURE PROFILES OF GAS DRIVEN 
BY AN IMPLODING HEMTSPHERICAL PISTON AT T I M E  0 . 0 0 2 7 6 2 / ~ m  SEC . 
AFTER PISTON COMMENCED MOVING SPWULAXLY REEPLECTIfSG WALL, 
ORIGIN OF CO-ORDINATES 6 MEAN F R E E  PATHS FROM CENTRE 
DISTANCE FROM ORIGIN 
MEAN FREE PATHS 
P"IG'aE 11: DENSITY,  PRESSURE AND TEMPERATURE P R O F I L E S  OF IMPLODING SHOCK 
WAVE AT TIME o . o 0 2 7 2 6 / V m  SEC AFTER PISTON COMMENCED MOVING. 
D I F F U S E  REFLECTIVE WALL. REGIONS WHERE 3 CELLS PEE SHELL 
FORMED. O R I G I N  OF CO-ORDINATES 6 MEAN F R E E  PATHS FROM CENTRE, 
CELLS I N  Z NEAR THE WALL 
1 j 
TEMP. 
DISTANCE FROM ORIGIN 
MEAN FREE PATHS 
FIGURE 5: DENSITY, PRESSURE AND TEMPERATURE PROFILES OF IMPLO3ZAG 
SHOCK WAVE AS I N  FIG .4 FOR CELLS ZZj,  SEE FIG. 2 
PRESS. 
DISTANCE FROM ORIGIN 
MEAN FREE PATHS 
PIGU;f(E 6: DENSITY, PRESSURE AND TEMPmTURE PROFILES OF IMPLODING SHOCK 
WAVE AS I N   FIG.^ FOR CFLLS Zgj, SEE PIG.2. 
/ PRESS. F 
ZONE l ZONE 2 ZONE 3 ZONE 4 
DISTANCE FROM ORIGIN 
MEAN FREE PATHS 
FIGURE 7: DENSITY, PRESSURE AND TEMPERATURE PROFILES OF IWWDING 
SHOCK WAVE AT TIME 0.002726/Vm sec. m E R  PISTON 
CED MOVING. DIFFUSE REFLEaIVE WALL. REGIOKS lWEF"E 
S PER SHELL FORMED. ZONE 1 A R E  CELLS CL 
WALL AND Z@lE 4 I S  F U R m T  FROMWALL. SEE FI  
ORIGIN OF ORDINATES 6 PATHS FROM C 
DISTANCE FROM ORIGIN 
MEAN FREE PATHS 
FIGURE 8: PRESSURE AND TENPERATURE PROFILES DURING THE REFLECTION 
OF A HEMISPHEBICAL IMPLODING SHOCK WAVE AT VARIOUS TIME$ 
T . SPECULARLY REFLECTING WALL. ORIGIN OF CO-ORDINATES 
6 MEXN FREE PATHS FROM CENTRE. T = 0.003801/Vm SEC, 
T2 = 0.003946/vm SEC, T3 = 0.004087/vm SEC, T4 = 0.004207/ 
Vm SEC , T . = 0 . 0 0 4 2 9 1 / ~ m  SEC , T 6  = 0.004404/~rn SEC , 
T~ = 0 . 0 0 8 8 6 / ~ m  SEC . 
ZONE I ZONE 3 
DISTANCE FROM ORIGIN 
MEAN FREE PATHS 
FIGURE 9: PRESSURE PROFILES DURING TKE: REFLECTION OF A HEMISPHERICAL 
IMPLODING SHOCK WAVE AT VARIOUS TIME T. DIFFUSE REFLECTIJJG. 
WALL. ORIGIN OF CO-ORDINATES 6 MEAN FREE PATHS FROM CEWTRE, 
T, = o .003795/Vm S K Y  T, = 0.003936/vm SEC, 
T = 0.004081/~m S K ,  T4 = 0.004204/~m SEC, T = 0.004298/ 5 VJ SEC, T6 = 0.0044/vm SEC, T = 0.004501/~m SEC . 7 
2 4 6 2 4 6 
ZONE l ZONE 3 
DISTANCE FROM ORIGIN 
MEAN FREE PATHS 
PIGirRE 10: TEMPERATURE PROFILES DURING THE REFLECTION OF A HENIS- 
PHER1ClA.L IMPLODING SHOCK WAVE AT VARIOUS TIMES T . 
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DISTANCE FROM ORIGIN 
MEAN FREE PATHS 
11: DENSITY, E!&ESSURE AND TEMPERATURE PROFILES FOR CELLS Z l j  
AT T I M E  0 . 0 0 4 4 / ~ m  SEC. AFTER PISTON COMMENCED GENERATZQJY 
OF IMPLODING SHOCK. D I F F U S E  REFLECTIVE WfLL. REGION 
WHERE ONLY 3 CELLS PER SHELL FORMED. ORIGIN OF CO- 
ORDINATES 6 6 FREE PATHS FROM CENTRE. 
FIGURE: 12:  DENSITY, PRESSURE, VELOCITY AND TEMPERATURE PROFILES 
AS I N  FIG.3 AT TIME 0 . 0 0 4 6 3 9 / ~ m  SEC, 
IS 
DISTANCE FROM ORIGIN 
MEAN FREE PATHS 
FIGURE 13: DENSITY, PRESSURE, TEMPERATURE AND VELOCITY PROFILES OF 
IMPLODING SHOCK WAVE AT T I M E  ~ . 0 0 4 6 2 4 / ~ m  SEC. AFTER 
PISTON COMMENCED MOVING, D I P P U S E  REFLECTIVE WALL. O R I G I N  
OF CO-ORDINATES 6 MEAN F R E E  PATHS FROM CEXTRE REGION WHERE 
ONLY 3 CELLS PER SHELL WERE FORMED ZL j, F I G . 2  
MEAN FREE PATHS 
FIGURE 14: DENSITY,  PRESSURE OF TEMPEBATURE P R O F I L E S  OF IMPLODING SHOCK 
WAVE AT TIME 0 . 0 0 4 6 2 4 / ~ m  SEC. AFTER PISTON COMMENCED MOVING. 
D I F F U S E  REFLECTIVE WALL. REGION WHERE ONLY 3 CELLS PER SHELL 
WERE FORMED Zej, F I G . 2 .  
FIGURE 15 : DENSITY, PRESSURE, TEMPERATURE VELOCITY PROFILES AS 
I N  FIG.13 FOR CELL Z 33 
I I I I I I 
10 12 10 12 
ZONE l ZONE 2 
TEMP. m- 
PRESS. 
10 12 10 12 
ZONE 3 ZONE 4 
DISTANCE FROM ORIGIN 
MEAN FREE PATHS 
DENSITY, PRESSURE AND TEMPERATURE P R O F I L E S  OF IMPLODING 
SHOCK CONDITIONS AS I N  F I G . 1 3 .  REGION WAVE 4 CELLS/SHEI 
FORMED 0 
Fig.17 Shock wave generat ion by a  tungsten p i s t o n  moving i n t o  
argon wi th  i n i t i a l  number dens i ty  .245 x 1022. Pis ton  6 ve loc i ty  .293 x 10 cm/sec. 
a)  Time 0.199 x 10-llsec a f t e r  p i s t o n  s t a r t e d  
moving 
dens i ty  r a t i o  
temperature r a t i o  
k i n e t i c  pressure  r a t i o  
t o t a l  pressure  r a t i o  
0 
DISTANCE FROM L H S WALL - A 
density r a t i o  
temperature r a t i o  
k ine t ic  pressure r a t i o  
t o t a l  pressure r a t i o  
10 20 30 40 50 60 70 
DISTANCE FROM L.H.S WALL -L  
Fig. 17 b) Time 0.449 x 10-llsec a f t e r  piston s t a r t e d  
moving 
O-J~:F)J axnssaxd pqoq 
orqzrx axnssaxd arqaury 
oyq-ex axnqzrxadmaq 
orqm Gqrsuap 
~ i g  .l8 Approximate curves of constant  mass ve loc i ty  behind 
shock wave generated i n  Argon i n i t i a l  densi ty 
.245 x number densi ty,  p is ton ve loc i ty  6 
-293 x 10 cm/sec. 
Cell  1 
Cell  2 
Cel l  4 
Cel l  5 
Cell  6 
Cel l  7 
Fig.19 Longitudinal veloci ty  d i s t r ibu t ions  in tegrated across 
both l a t e r a l  veloci ty  d i s t r ibu t ions  under conditions 
specif ied f o r  f igure  17c. Numbering t h e  ce l l s  s b o ~ i  
i n  f igure  2c as 1 next t o  the  pis ton 
density r a t i o  
temperature r a t i o  
-- kine t ic  pressure r a t i o  
---. t o t a l  pressure r a t i o  
DISTANCE FROM L.H.S. WALL- 
Fig ,20 Shock wave generation by a dense argon piston moving 
i n t o  argon with i n i t i a l  number density ,245 x 
Piston velocity ,293 x lo6 cm/sec, r e su l t  shown at 
time .449 x 10-11 sec after pis ton s t a r t e d  moving. 
density r a t i o  
temperature r a t i o  
k ine t ic  pressure r a t i o  
t o t a l  pressure r a t i o  
Fig.21 Shock wave generation by a tungsten pis ton moving i n t o  
argon with i n i t i a l  number density .245 x P i s ton  6 veloci ty  .586 x 10 cm/sec, r e s u l t  shown a t  time .198 x 
10-11 sec  a f t e r  p is ton s t a r t e d  moving. 
Cel l  1 
Cel l  2 
Cell  3 - 
Cell  4 ----0--0---- 
Cell  5 
F i g ,  22 Longitudinal veloci ty  d i s t r ibu t ions  in tegrated across 
both l a t e r a l  velocity d i s t r ibu t ions  under conditions 
specif ied f o r  f igure  21. Numbering the  c e l l s  shown 
i n  f igure  21 as 1 next t o  the  piston.  
F i g ,  23 Shock wave generat ion by a  tungsten pis ton moving i n t o  
argon with i n i t i a l  number densi ty ,736 x 1021, Pis ton 
ve loc i ty  ,293 x l o 6  cm/sec, r e s u l t  shown a t  time .170 
x 10-lo sec  a f t e r  p i s ton  s t a r t e d  moving. 
densi ty  r a t i o  
temperature r a t i o  
k i n e t i c  pressure r a t i o  















Cell  1 
Cell  2  
Cel l  3 
Cell  4 
( V  -7) x low6 cms /sec. 
Fig. 24 Longitudinal. veloci ty  d i s t r ibu t ions  in tegrated across 
both l a t e r a l  veloci ty  d i s t r ibu t ions  under conditions 
spec i f ied  f o r  f igure  23. Numbering c e l l s  shown i n  
f igure  23 as 1 next t o  the  pis ton.  

g.26 Shock wave genes-ation by en impion'ing spheriertli dense argon pisiorr rrioving i n t o  s rgsn  w i t h  initial nllggber 
Slens-ity . 2 4 0  1002~ Piston velocity .293 x l06errm/sec, results shorn at various times af%er piston 
comcr:ced movltng, Cont,ue is o c r ; ~ ~  i e d  by s sphere o f  radius 19.4 8. 8- 








0.5 density r a t i o  
0.4 
temperature r a t i o  0.3 
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Fig. 26 b) 1.045 x 10-''see a f t e r  p i s ton  s t a r t e d  moving 
DISTANCE FROM SPHERE CENTRE - 
Fig. 26 c )  1.105 x 10-llsec a f t e r  p is ton s t a r t e d  moving 
density ra-i;io 
__o_O__. temperature r a t i o  
- kine t ic  pressure r a t i o  
p /PO and TK / To t o t a l  temperatxire racio 
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Fig. 26 d )  1.165 x 10-''see a f t e r  p is ton s t a r t e d  moving 
densi ty  r a t i o  
temperature r a t i o  
k i n e t i c  pressure r a t i o  
DISTANCE FROM SPHERE CENTRE - 
Fig .  27 Shock wave generat ion by an imploding s p h e r i c a l  dense 
argon p i s ton  moving i n t o  argon with i n i t i  1 pressure 
3 atmospheres. P is ton  ve loc i ty  ,293 x 10' cm/sec. 
